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Abstract

®

CrossMark

The substantial angular divergence of electron beams produced by direct laser acceleration (DLA) is
often considered as an inherent negative feature of the mechanism. The divergence however arises
primarily because the standard approach relies on transverse electron oscillations and their interplay
with the transverse electric fields of the laser pulse. We consider a conceptually different approach
to DLA that leverages longitudinal laser electric fields that are present in a tightly focused laser
beam. A structured hollow-core target is used to enhance the longitudinal fields and maintain them
over a distance much longer than the Rayleigh length by guiding the laser pulse. Electrons are
injected by the transverse laser electric field into the channel and then they are accelerated forward
by the pulse, generating an electron current. We show that the forces from electric and magnetic
fields of this electron population compensate each other, creating a favorable configuration without
a strong restoring force. We use two-dimensional particle-in-cell simulations to demonstrate that a
low divergence energetic electron beam with an opening angle of less than 5° can be generated in
this configuration. Most of the energy is transferred to the electrons by the longitudinal laser electric
field and, given a sufficient acceleration distance, super-ponderomotive energies can be realized
without sacrificing the collimation.
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1. Introduction

The development of relativistically intense laser pulses [1-3]
has enabled several schemes for producing laser-driven rela-
tivistic electron bunches. One such scheme is direct laser
acceleration (DLA) [4, 5]. The normalized amplitude of the
electric field in a laser pulse with wavelength A\ and intensity
Iy is defined as ag = \/Ioy(W cm~2) /1.37 x 108 X\(um). If I
exceeds 1.37 x 10'® W cm ™2, then this implies that the work
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done by the laser field during one period is comparable with
the electron rest energy. As the electron velocity is boosted
close to the speed of light in one laser cycle, the electron also
gains considerable momentum in the direction of laser pro-
pagation via the Lorentz force, i.e. the v x B term in the
equation of motion. If the electron were to maintain its rela-
tive phase with respect to the laser field then this longitudinal
momentum p; would become very large [6]. However, even
in the case of an infinite plane wave, the natural relativistic
dephasing rate limits this to P / mec = ad / 2, where m, is the
electron mass and c is the speed of light. In reality, the
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momentum may be even more limited due to diffraction of the
laser pulse [7-9], which raises questions about the limits of
what can be achieved with DLA.

A conventional approach to DLA is to employ a uniform
plasma slab that not only restrains the laser defocusing [10, 11]
but also maintains a plasma channel with a positively charged
and slowly evolving ion background [4, 12]. The ions generate a
transverse electric field that confines laser-accelerated electrons
inside the channel, preventing them from being prematurely
expelled by the transverse ponderomotive force of the laser pulse.
The ion electric field forces the accelerated electrons towards the
axis of the channel and the ensuing transverse oscillations can be
successfully leveraged to enhance the electron energy gain from
the laser pulse [13—15]. Even though a dense energetic electron
bunch can be generated using this approach [16, 17], the bunch
unavoidably has a relatively large divergence angle that can
exceed 20° due to the transverse oscillations. Such significant
divergence that is also difficult to control might be undesirable
for some potential applications. For example, the photon emis-
sion by the DLA electron bunch [18-23] inherits the angular
divergence which then impacts the brilliance of the resulting
advanced light sources.

It has been recently shown that structured targets can have a
significant benefit if the end-goal is to generate a large number
of energetic electrons in the form of a collimated beam [24, 25].
For example, a microwire array attached to a solid density target
can be used to guide the irradiating laser pulse and to provide a
reliable source of electrons that can then be accelerated to high
energies. In the case of a flat solid-density target, the electrons
usually come from a pre-plasma whose characteristics are
determined by the laser pre-pulse. As a result, experimentally
observed electron acceleration is difficult to control and to pre-
dict using numerical simulations. A structured target, as the one
considered in [24, 25], provides the much needed control over
the electron acceleration. It has been shown using numerical
simulations that longitudinal electric fields can have a significant
impact on electron acceleration in this setup [26]. Similar tai-
lored tube targets have also been considered for the purpose of
generating attosecond electron bunches [27] and enhancing
laser-driven ion acceleration [28, 29].

Here, we continue the research of laser-irradiated struc-
tured targets by considering a hollow-core target whose
channel width is smaller than the width of the irradiating laser
beam. We report a new scheme for achieving a collimated
laser-accelerated energetic electron bunch that utilizes long-
itudinal laser electric fields. By focusing a relativistically
intense laser pulse into a hollow-core target, an electron
channel, only filled with negative charge, can be produced in
the hollow region. We demonstrate that, in contrast to the
fields in the ion channel [12], quasi-static electric and
magnetic fields induce transverse forces that nearly compen-
sate each other for forward-moving ultra-relativistic electrons.
This provides an avenue to eliminate the transverse oscilla-
tions and reduce the angular divergence of the accelerated
electrons. Moreover, the reduction of the transverse oscilla-
tions greatly facilitates electron acceleration by the long-
itudinal laser electric field, since the electrons can now remain
in the favorable phase of the wave for much longer.

Combined with the strengthened longitudinal laser field, a
collimated longitudinal laser field acceleration is realized.

The paper is organized as follows: in sections 2 and 3, we
show how the hollow-core target can produce the favorable
channel fields. In section 4, the acceleration mechanism is
demonstrated by tracking the accelerated electrons and the
work performed by transverse and longitudinal laser electric
fields. In section 5, we show that the electrons accelerated by
the longitudinal field can be highly collimated and that their
energy can significantly exceed what is achievable in a pure
vacuum case. In section 6, the key conclusions of this work
are summarized. The details of the setup used in the simu-
lations are given in the appendix A.

2. Enhancement of the longitudinal laser field by a
hollow channel

Efficient acceleration via DLA requires that the laser pulse
propagates in a stable fashion for a sufficiently long distance.
Since we must, in reality, utilize focused laser pulses, the
defocussing of the laser pulse, via diffraction, puts a fundamental
limit on the longitudinal spatial range over which a given
intensity can be maintained. In the case of a Gaussian beam, this
length is given by the Rayleigh length [y = 7o} / A, where o0y is
the beam waist in the focal plane and A is the laser wavelength.
The transverse electric field of a beam propagating along the

x-axis scales as
2
], 1
p( 2 (x)) (D

where r is the radial distance from the beam axis and

o(x) = opy1 + (x — x0)*/13 . 2)

The focal plane is located at x = xj, so the beam radius is
increased by a factor of /2 and the corresponding beam cross
sectional area by a factor of 2 at x = xo + [r. Therefore, the
beam on-axis intensity at a Rayleigh length away from the beam
waist is less by a factor of 2 than the peak intensity at the beam
waist. If the Gaussian beam is two-dimensional (2D), as in the
simulations that we present in this paper, then

)
exp( pree ) 3)

where y is the non-ignorable transverse coordinate. The on-axis
intensity then decreases as oy /o (x) away from the beam waist
due to the reduced dimensionality.

In order to demonstrate how a hollow channel can mitigate
the diffraction, we have compared two 2D simulations. The
‘control’ simulation considers only a 2D Gaussian beam, where
a laser pulse with a peak intensity of I, = 5.4 x 10*° Wem ™2,
corresponding to ag ~ 20, propagates in vacuum. The other
beam parameters are oy =4 pum, A = 1 um, and xo = 5 pm.
The result in figure 1(a) shows that the beam width expands to
0 ~ 8.9 um by x = 100 pm, which is in good agreement with
equation (2). The longitudinal laser field E, must satisfy the

o
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Figure 1. Structure of the longitudinal electric field E, generated by a 2D Gaussian pulse in a vacuum (a) and inside a hollow-core target (b).
In both cases, the focal plane is located at x = 5 pm, which is also the location of the target boundary in (b). The dotted curve in (a) marks the
beam width o(x) given by equation (2). The dotted line in (b) marks the initial boundary of the hollow-core.

condition V - E = 0, which readily gives the following esti-
mate for its maximum amplitude:

A\ | 0,

27 | Oy

A 00

o(x)

|Ex|max ~ EO, (4)

max o (x)

where E is amplitude of the transverse field in the focal plane
located at x = xy. The longitudinal field peaks away from the
beam axis at y = o(x)/ J2, which can be shown using
equations (3) and (4). We find that at x = 100 pm the long-
itudinal field is already only |Eyjmax = 1072E,. Such a low
longitudinal field is unlikely to provide efficient longitudinal
acceleration (LDA).

In the second simulation, a hollow-core target with an inner
radius of r, = 3.2 um and an electron density of n, = 50n, is
utilized to optically guide the laser pulse. Here n, = mw* /47re2
is the classical critical density that determines the density cutoff
for propagation of laser pulses with ay < 1, where w is the
frequency of the laser pulse and e is the electron charge. The
electron density cutoff increases to roughly agn,. for laser pulses
with ag > 1 due to the relativistically induced transparency.
Our target remains opaque to the laser pulse, since n, = 50n, >
agn. =~ 20n.. The simulation result in figure 1(b) shows the
advantages of using the hollow-core channel: not only does the
structured target suppress the transverse diffraction of the laser
pulse, but also the laser longitudinal field is enhanced. The beam
width is now limited to be less than r;, = 3.2 pum. Already at
x = 100 pm it is substantially smaller than the beam width in
the vacuum case that is determined by the diffraction, with
o =~ 9 um. Moreover, the transverse profile of E, is now more
similar to a super-Gaussian function, with E, oc exp(—y"/c").
This leads to the longitudinal laser field being enhanced by an
additional factor of x compared the longitudinal field in a
Gaussian pulse of the same width. Figure 1(b) shows that the
amplitude of the longitudinal electric field in the hollow-core
target is E, =~ 0.1E,, which is ten times bigger than E, in the
vacuum case at x = 100 pum. The observed sustained enhance-
ment of the longitudinal laser field would play a significant role
in electron acceleration.

It is worth emphasizing that the reason for the observed
enhancement of E, is the reduced transverse size of the hol-
low-core relative to the focal spot of the incoming laser pulse.

We have compared longitudinal line-outs of the transverse
laser electric field at two different times with the envelope of
the incoming laser pulse in the vicinity of the focal plane. We
found no significant enhancement of E, and, in fact, it is
reduced as the pulse propagates further into the target. Even
though the Fresnel-like diffraction has been known to
increase the laser field in structured targets [30], this effect is
insignificant in the regime considered here.

3. Quasi-static field structure inside the hollow
channel

In addition to the laser fields, there are also fields that are
generated by the target itself in response to the laser pulse.
The total force induced by these fields on the laser-accelerated
electrons is dramatically different in the channel of a hollow-
core target as compared to the force in a channel produced in
an initially uniform target.

We first review the field structure in the ion channel that
features in the ‘standard’ approach to DLA. In an initially
uniform target, the laser beam tends to expel some electrons
radially outwards, creating a positively charged channel. The
corresponding transverse quasi-static electric field is directed
away from the axis and, in the 2D case, it is roughly given by

lelEy ~ %ﬂ, (5)

m,wc ne. c
where An; is the uncompensated ion density that we assume
to be constant across the channel. At the same time, the
electrons that are present in the channel are pushed forward
by the laser pulse, creating a longitudinal current. In the 2D
case, the corresponding quasi-static magnetic field is directed
along the z-axis and it is given by

le| B

mewce

ljl yw ©)
lelnce ¢’

where j, < 0 is the electron current density that, for simpli-
city, we assume to be constant and negative (because of the
forward motion) across the channel. The transverse force
induced by these electric and magnetic fields on a forward
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Figure 2. Structure of the quasi-static electric (a) and (d) and magnetic fields (b) and (e) in an initially uniform (left) and in a hollow-core
target (right). The fields are calculated by time-averaging over one laser period. The lower two panels (c) and (f) show the total force exerted
on an ultra-relativistic forward-moving electron, v, — c. In each panel, arrows indicate the direction of a transverse force exerted on a

forward-moving electron.

moving electron in the ion channel is always directed towards
the axis:

1C = x 7
Fy- = —IeI(Ey - fBz)

Lo lid ™ <o
c leln.c) ¢

A}’l,’

ne

(N

~ —mewc(

Equation (7) illustrates a well-known result that the
quasi-static plasma fields in a uniform target generate a
restoring force for forward moving laser-accelerated electrons
that pushes them towards the axis of the channel. We have
performed a 2D PIC simulation for a uniform target with an
initially uniform electron density of n, = 0.5n, irradiated by
the laser pulse shown in figure 1(a). Quasi-static electric and
magnetic fields are calculated by averaging the fields in the
simulation over one laser period, with the corresponding time-
averaged values denoted using an overhead bar. The profiles
of E} and B., shown in figures 2(a) and (b), qualitatively agree
with our estimates: E, > 0 and B, < 0 above the axis for
y > 0, whereas E;, < 0 and B, > 0 below the axis for y < 0.
The combined transverse force induced by these fields and
shown in figure 2(c) for an electron with v, =~ ¢ is indeed
directed towards the axis of the laser-produced channel.

In contrast to the uniform target, there are initially no
particles inside the channel of the hollow-core target, which
leads to a very different electric field structure. This region is
populated with electrons as a result of the laser pulse inter-
action with the channel walls. As shown in figure 3(a), the
electrons are ripped out of the wall by E, of the laser pulse.

Once the injected electrons fill up the channel, the quasi-static
electric field is roughly given by

lelE,

mewce

~ _An yw

~

(®)
ne ¢

where n, is the electron density. This field, shown in
figure 2(d), is directed away from the axis, so it is opposite to
the field of the ion channel, shown in figure 2(a) and esti-
mated by equation (5). The magnetic field, however, is gen-
erated via exactly the same mechanism as in the ion channel
and it can again be estimated using equation (6). This
corresponding field structure is shown in figure 2(e). It is
convenient to express the electron current density explicitly in
terms of n,: j, = —|e|n.u, where u is the effective velocity of
the electron population in the channel. The total transverse
force induced by the quasi-static electric and magnetic fields
on a forward moving electron in the hollow-core target is then
given by:

HC = Vx
By = —|e|(Ey — ?"BZ)

_ ﬂ)& > 0.

¢t ) c

C))

ne
~ mywc—| 1
ne

A comparison of equations (7) and (9) confirms that the
change in the direction of the quasi-static electric field in the
hollow-core target qualitatively alters the total transverse
force exerted on laser-accelerated electrons. The total force
for a forward moving electron is now expelling, FyHC >0,

instead of confining, F)I,C < 0. More importantly, the forces
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Figure 3. Electron injection and acceleration in a hollow-core target. (a) The transverse electric field E, is plotted on top of the electron

density n,, while the injected electrons are shown by green dots. (b) Representative trajectories of laser-accelerated electrons are plotted over
400 fs. The ~-factor for LDA and TDA electrons is shown with the red-yellow and blue-green color-schemes. (c) The work performed by E,
and E, on each of 2000 randomly selected injected electron over 400 fs is presented as a scatter-plot, where the color indicates whether the
electron crossed the axis (blue) or not (red). (d) The relative fraction of LDA and TDA electrons from panel (c) is shown as a function of final
energy (at ¢ = 400 fs). Additional color-coding for each group indicates how many electrons have crossed the axis and how many have not.

induced by the electric and magnetic fields compensate each
other with the compensation becoming significant for ultra-
relativistic forward-moving electrons (v, — ¢) and a relati-
vistic electron current (4 — c¢). The compensation is evident
from figures 2(c) and (f), where the forces are calculated for
an ultra-relativistic forward moving electron with v, — c.
Even though the amplitudes of the electric, |E,|, and magnetic,
|B.|, fields are higher in the hollow-core target (figures 2(d)
and (e)) than in the ion channel (figures 2(a) and (b)), the total
transverse force is drastically reduced, |FyHC| < |FyIC|.

It is important to point out that there are narrow regions
at the wall of the channel where some uncompensated force is
still present. These regions, associated with uncompensated
ion charge, are aligned along the horizontal dotted lines in
figure 2(f) that mark the initial boundary of the hollow-core.
The force is instrumental in preventing laser-accelerated
electrons from sliding out of the hollow channel. As we show
in the next section of the paper, the combination of the
enhanced longitudinal laser field E, and the reduction of the
strong restoring force F, creates the conditions necessary for
collimated longitudinal electron acceleration.

4, Longitudinal and transverse electron acceleration
in the channel

The transverse restoring force exerted on laser-accelerated
electrons in the ion channel and shown in figure 2(c) causes
transverse electron oscillations across the channel that can be
successfully leveraged to enhance the electron energy gain
from the laser pulse [13—15]. The energetic electron bunch
generated using this approach [16, 17] has a considerable
divergence angle that is unavoidable. In this scenario that has
become synonymous with DLA, the energy is transferred
from the transverse laser electric field to the transverse elec-
tron motion and only then the strong laser magnetic field
converts it into the kinetic energy of the forward-directed
motion. The energy transfer is then the work performed by E,:

m:—fwgwm (10)
There is almost no net energy gain from the quasi-static
plasma field |E,| in each transverse oscillation across the
channel and the vast majority of the energy comes from the
oscillating laser field. In the case of an ultra-relativistic
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electron, we have E,v, ~ E,csinf, where 6 is the angle
between the electron velocity and the axis of the channel.
Evidently, it is impossible to significantly decrease the
divergence, which would be equivalent to decreasing the
angle 0, without effectively halting the energy transfer and
thus the conventional DLA process.

Electron acceleration by longitudinal laser electric fields
offers a conceptually different path for achieving large electron
energies that circumvents the described difficulty. In this case,
the work performed by the laser pulse goes directly towards
increasing the energy of the longitudinal electron motion

W, = —f|e|Exvxdr, )

without the need for the transverse oscillations to mediate the
process. Even though the advantage of this approach is well
recognized, there are several obstacles that have prevented its
direct implementation. The approach requires a strong long-
itudinal laser electric field, but that can only be achieved if the
laser pulse is tightly focused, as evident from equation (4).
However, a tightly focused laser pulse has a short Rayleigh
length, which limits the length over which an electron can be
accelerated in a vacuum. Additionally, there is a significant
transverse ponderomotive force in such a pulse, so the electron
is quickly expelled radially outwards as the laser intensity
ramps up. As a result, the electron might not even experience
the peak intensity and there is also a possibility that it might be
expelled before it reaches the focal region with a strong
longitudinal electric field while moving forward.

The hollow-core target removes the obstacles that exist in
the case of pure vacuum acceleration and thus enables effective
acceleration by the longitudinal electric field. We have already
demonstrated in section 2 that the longitudinal laser electric
field E, can be enhanced and maintained at that level over
distances that greatly exceed the Rayleigh length. The electrons
accelerated inside the channel of the hollow-core target origi-
nate from the peripheral wall region. They are extracted from
the wall and injected into the channel by the transverse laser
electric field E, at the channel entrance, as shown in figure 3(a).
It is critical that these electrons are injected immediately into a
strong laser field. The transverse expelling ponderomotove
force is approximately given by [13]

2
1 Oa
Fy ~ ——Z O, 2,

(12)
v Oy

where v = 1/,/1 — v2/c? is the relativistic factor. Since F, oc
1/, its role is quickly reduced as the electrons become ultra-

relativistic in the strong laser field and this is the reason why
the injected electrons are not easily expelled.

The electron extraction can only take place if E, is
pointing into the wall of the channel. This is why the
extraction location alternates between the upper and the lower
channel walls. Figure 3(a) clearly illustrates this periodicity,
with the injected electron bunches at the lower wall being
shifted by half a laser cycle relative to the electron bunches
injected at the upper wall. In order to generate the plot of the
injected electrons, we first randomly selected 4% of the
electrons in the simulation and then those with v > 1.5 and

|y| < 3.2 um were plotted with green dots. The charge and
current of the injected electrons sustain the channel electric
and magnetic fields shown in figures 2(d) and (e). It is worth
pointing out that these are ultra-relativistic electrons with a
predominantly longitudinal velocity, so the effective velocity
u that determines the electron current is very close to the
speed of light. As discussed in section 3, this leads to the
significant reduction of the transverse force given by
equation (9) and shown in figure 2(f).

Our focus is the role of the LDA in achieving high
electron energies, so we divide electrons based on the amount
of work performed by longitudinal and transverse electric
fields into two groups to aid our analysis:

* Group #1 with W, > W,: The longitudinal field E, does
more work on these electrons than the transverse field E,.
For compactness, we call this group LDA, which stands
for longitudinal dominant acceleration.

* Group #2 with W, < W,: The work by the longitudinal
field E, does not exceed that of the transverse field E,. For
compactness, we call this group TDA, which stands for
transverse dominant acceleration.

Figure 3(c) shows how the total work is partitioned between W,
and W, for the injected electrons at t = 400 fs, where each dot
represents a macro-particle. The dots below the solid green line
are LDA electrons. The plot was generated by randomly
selecting 2000 injected electrons with |y| < 3.2 pm.

Figure 3(d) shows the relative fraction of LDA electrons
as a function of energy. A significant portion of the electrons
in figure 3(d) are LDA electrons regardless of the energy,
which confirms that the longitudinal laser electric field indeed
plays a major role in electron acceleration. It is remarkable
that an appreciable fraction of the injected electrons are very
energetic at this stage, as their energy exceeds the so-called
vacuum limit e,,. for an electron in a plane wave. These are
the electrons above the gray line in figure 3(c). The vacuum
limit is the maximum energy for an initially immobile elec-
tron in a plane electromagnetic wave with peak amplitude of
gy Eyac = %acmgcz, where v, . =1+ a02/2. The observed
energy increase is a clear advantage of using the hollow-core
target instead of employing a pure vacuum setup.

Tracking of the injected electrons has revealed a sig-
nificant difference in trajectories between TDA and LDA
electrons. A vast majority of TDA electrons perform trans-
verse oscillations across the channel that are characterized by
crossing its axis (y = 0). Figure 3(d) quantifies the fraction of
the TDA electrons that have crossed the axis as a function of
the electron energy. Examples of these trajectories are shown
in figure 3(b), where the blue-green color-scheme indicates
the relativistic v-factor along the trajectory. In contrast to the
TDA electrons, the majority of the energetic LDA electrons
never cross the axis of the channel. These are the electrons
with energies above 500m,c® in figure 3(d). The energetic
LDA electrons remain relatively close to the wall. The
corresponding trajectories are shown in figure 3(b) using the
red-yellow color-scheme, where the color indicates the rela-
tivistic -factor along the trajectory.
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Figure 4. Detailed tracking information for a representative energetic LDA electron. The color-coding along the curves in panels (a)—(e) is the
relativistic y-factor. The quantities dW,,,,/dx are normalized to m, ¢ /. The electron trajectory in panel (f) is plotted on top of the
longitudinal electric field in a window moving forward with a speed of light, A = x — ¢t — 12\. The color-coding of the markers indicates

the work W, performed by E..

The described qualitative differences in the trajectories
are directly related to the key features in the two acceleration
mechanisms. In what follows, we elucidate this aspect by
tracking two representative electrons: one energetic LDA
electron with maxy = 600 that never crosses the axis of the
channel and one energetic TDA electron with max vy ~ 400
that performs a full oscillation across the channel.

Figure 4 provides detailed information about a selected
LDA electron. As evident from the electron trajectory in
figure 4(a), the longitudinal motion in the forward direction
dominates. It is instructive to examine how the work per-
formed by E, and E| changes as the electron moves along the
channel. In order to do that, we plot dW,/dx (figure 4(b)) and
dW,/dx (figure 4(c)) instead of plotting the accumulated
quantities W, and W,. Figure 4(d) shows the change in the
total work, W, = W, + W,. The accumulated area under this
curve gives the relativistic y-factor (or the electron energy)
plotted in figure 4(e).

There are two aspects that are evident from figures 4(e)
and (b): the electron energy comes predominantly from the
work done by E,, whereas the contribution of E, is negligible;
the electron continuously gains energy from E, as it travels
more than a hundred wavelengths along the channel. The
influence of E, is reduced because the transverse component
of the electron velocity is relatively small compared to the
longitudinal component. The continuous positive work by E,
suggests that the electron is moving sufficiently fast to remain
in the accelerating part of the wave. This is further confirmed
by figure 4(f), where E, and the electron longitudinal location
are plotted in a window moving with the speed of light, such
that A = x — ¢t — 12\ The electron indeed remains in the

region with negative E, over hundreds of fs, which allows it
to efficiently gain energy.

Clearly, the key to achieving LDA is to ensure that an
electron remains locked in an accelerating phase of the
negative longitudinal electric field for an extended period of
time. The reduction of the transverse force FyHC that we
demonstrated in the previous section is critical: the transverse
velocity remains small during the acceleration process, with
the angle 0 between v and the x-axis less than 2°. As a result,
the average longitudinal electron velocity 7, is less than ¢ by
only 0.07%. In fact, the difference between the phase velocity
of the wave, v, and the speed of light is greater than ¢ — 7.
Indeed, we find that ¢ — ¥, &~ 7 x 10~%, whereas Vph —
¢ ~ 4 x 107> ¢. This means that the energy gain in our case
is limited by the super-luminosity of the wave-fronts and not
by the transverse or longitudinal electron motion.

In contrast to the considered LDA electron, a selected
TDA electron whose detailed tracking information is shown
in figure 5 has a relatively large initial transverse velocity v,
that was acquired at the injection stage. In this case, the angle
between v and the x-axis is 6 &~ 7°. This allows the electron to
traverse the channel while moving forward, as can be seen in
figure 5(a), which, in turn, impacts the work done by E,. The
longitudinal laser electric field E, is essentially an odd func-
tion of y, i.e. E\(y) &~ —E,(—(y)). This means that the electron

switches between accelerating and decelerating regions by
crossing the axis of the channel even if it has a sufficiently
high longitudinal velocity to remain in the accelerating phase
of the laser field for an extended period of time. This effect is
well-illustrated in figures 5(a) and (b), where A and C mark
the crossings of the channel axis. The work by E, changes its
sign not only at A and C, but also at D and E where the
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the work W, performed by E..

electron slides out of the decelerating or accelerating phase
due to its relative longitudinal motion with respect to the laser
wave-fronts. The frequent alternations between the positive
and negative work performed by E, significantly reduce the
electron energy gain from longitudinal laser electric field.

Most of the energy for the considered TDA electron
comes from the transverse laser electric field (see figure 5(e)),
which is the conventional DLA mechanism. Electron reflec-
tions off the channel walls (a reflection point is marked with a
B) can aid the energy exchange between the electron and the
transverse laser electric field E, by changing the direction of
vy. As v, flips, the compensation that usually exists between
energy gain and loss in a purely vacuum case is disrupted.
This can potentially lead to an appreciable energy increase,
but this approach requires multiple bounces across the
channel. It is worth pointing out that ¢ — ¥ = 6 x 107 3¢ is
comparable to vy, — ¢ ~ 4 X 10-3¢, so the super-luminosity
is not a major factor limiting the energy gain for the con-
sidered electron.

5. Collimated energetic electrons

In section 4, we examined how transverse and longitudinal
laser electric fields contribute to acceleration of the injected
electrons in the channel of a hollow-core target. In what
follows, we examine the angular distribution of these elec-
trons and how the two groups of electrons, LDA and TDA,
contribute to it.

Figure 6(a) is the same scatter-plot of the accelerated
electrons in the (W,, W,)-space as figure 3(c), but the color-
coding now indicates the polar angle 6 between the electron
momentum and the axis of the channel. In order to generate
this plot, we selected all macro-particles that are inside the
channel, |y| < 3.2 pm, after 400 fs into the simulation. The
angle is then calculated by computing 6 = arctan(p, /p,) for
each macroparticle, where p, and p, are the momentum
components provided by the simulation. Electrons with a
small angle 6 are tightly clustered around W, =0 in
figure 6(a), which suggests that that the LDA tends to produce
well-collimated energetic electrons, but the transverse accel-
eration (TDA) does not.

As evident from figure 6(a), energetic TDA electrons
have a polar angle whose absolute value exceeds 3°, while
some fraction of the highly collimated energetic LDA elec-
trons have a polar angle [#] < 1°. In order to gain more insight
about the angular distribution of the energetic electrons, we
plotted them in the (0, v)-space, with the scatter-plots for
LDA and TDA electrons shown in figures 6(b) and (c). The
curves in figure 6(d) show the total angular electron dis-
tribution and the corresponding contributions from LDA and
TDA electrons that represent the scatter-plots from
figures 6(b) and (c). The angular distribution of the TDA
electrons has two symmetric peaks at § ~ +5°. In contrast to
that, the angular distribution of LDA electrons has a single
sharp peak at 6 ~ 0° with a full width half maximum of
approximately 4°.
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Figure 6. Angular distribution of accelerated electrons and their energy spectra. (a) The work performed by E, and E,, on injected electrons
over 400 fs is presented as a scatter-plot, with the color indicating the angle between the electron momentum and the x-axis. (b) and (c) LDA
and TDA electrons are presented as scatter-plots in the (6, )-space. (d) The angular distributions represent the scatter-plots shown in panels
(b) and (c). (e) Energy spectra of injected electrons are shown after 400 fs. The spectra of LDA and TDA electrons are shown in red and blue.
(f) The relative fraction of the energy contributed by E, and E, is shown as a function of the electron energy ¢.. These values are averaged

over all injected electrons in a given energy bin.

The difference in the angular spread between the TDA and
LDA electrons is determined by the transverse electron velocity
gained during their injection into the channel. However, a
detailed study of the injection dynamics and the factors deter-
mining the injection velocity goes beyond the scope of the
current work. It is worth pointing out that although the angular
spread of the TDA electrons is worse than that of the LDA
electrons, it is still significantly better than the angular spread
during the conventional DLA regime because of the reduced net
restoring force inside the hollow channel.

The energy spectra of LDA and TDA electrons at
t = 400 fs are shown in figure 6(e). The LDA electrons have
a much higher cutoff energy (350 MeV) than the TDA
electrons (250 MeV), but both energies significantly exceed
Evac &= 100 MeV. The so-called super-ponderomotive part of
the spectrum (g, > €y,) is rather flat as compared to an
exponentially decaying spectrum generated in a uniform tar-
get with the help of the conventional DLA (for example, see
figure 5 in [12]). The longitudinal laser electric field E, does
most of the work over the entire range of electron energies, as

can be seen in figure 6(f). This figure provides a relative
fraction of the energy contributed by E, and E,, i.e. W, /e, and
W, /e, for electrons in a given energy bin.

Even though the emphasis has been on the longitudinal laser
electric field, both components of the laser field are critical for
producing energetic electrons with €, > &,,. in a hollow-core
target. We demonstrate this by performing an additional simula-
tion where the polarization of the laser electric field is rotated by
/2 in the (y, z)-plane. In this case, there is no transverse laser
electric field that is normal to the channel boundary. As a con-
sequence, the electron injection into the channel is severely sup-
pressed. Moreover, there is no strong longitudinal laser electric
field, because the condition V - E = 0 can be satisfied for the
transverse component E, without any significant E,. As a resul,
the maximum electron energy in this case is around 4 MeV.

6. Summary and discussion

In summary, we have demonstrated the importance of col-
lective plasma effects in a hollow-core target for achieving
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collimation of injected electrons that then enables the
enhanced energy absorption from the longitudinal field of the
laser. Using particle tracking, we have provided direct evi-
dence that the superluminal phase velocity is the primary
factor limiting the energy gain of the collimated electrons. We
have also conclusively demonstrated that there is a direct
correlation between ¢ and W, /W), such that a reduction in
the contribution by the transverse laser field equates to a
reduced divergence angle for the electrons.

The substantial angular divergence of electron beams
produced by DLA is often considered as an inherent negative
feature of the mechanism. The divergence however arises
primarily because the standard approach relies on transverse
electron oscillations and their interplay with the transverse
electric fields of the laser pulse. Our approach is conceptually
different, as it directly leverages longitudinal laser electric
fields that are present in a tightly focused laser beam.
Transverse oscillations that mediate the energy transfer
between the laser pulse and the electrons in the traditional
approach are no longer required.

In our scheme, transverse electron oscillations are
reduced by creating a negatively charged electron channel, as
opposed to a positively charged channel that is essential for
the traditional DLA approach. Electrons are injected by the
transverse laser electric field into the channel and then they
are accelerated forward by the pulse, creating an electron
current. The forces from electric and magnetic fields of this
electron population compensate each other, creating a favor-
able configuration without a strong restoring force. Even
though we use a trapezoidal temporal pulse profile in our
manuscript to simplify the force analysis of section 3, the
collimation mechanism is not sensitive to the shape of the
laser pulse. PIC simulations for a 20 fs long Gaussian laser
pulse yield results similar to those shown in figure 6.

Our 2D PIC simulations confirm that a highly directed
electron beam with a low angular spread is produced due to a
combination of the enhancement of the longitudinal laser field
and the elimination of transverse oscillations. The electron
cut-off energy of 350 MeV is much greater than the vacuum
limit of ey = (1 + ad/2)m.c* ~ 100 MeV. Meanwhile,
unlike the conventional DLA electron beam with a typical
opening angle of 20°, our electron beam has an opening angle
of less than 5°. The hollow-core target is essential for
enhancing the longitudinal fields and maintaining them over a
distance much longer than the Rayleigh length by guiding the
laser pulse.

The key feature of our regime is that most of the energy
(across the entire spectrum) is transferred to the electrons by
the longitudinal laser electric field and, given a sufficient
acceleration distance, super-ponderomotive energies can be
realized without sacrificing the collimation. We speculatively
suggest that this mechanism may have played a role in pre-
vious studies focused on high-energy laser-driven photon
sources [31, 32], although further work is required to deter-
mine if such a connection exists. It also remains to be
understood if the same mechanism can be realized by utilizing
a microwire array [24, 25]. Previous results [24, 25] showed a
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well-collimated electron beam, but no super-ponderomotive
electrons. We speculate that this might be a consequence of a
relatively short acceleration length allowed to the electrons.
Further computational research is also required to deter-
mine how the described scenario scales with laser amplitude.
The number of injected electrons is expected to increase with
laser amplitude, which would lead to an increase of the
transverse and longitudinal electric fields generated by the
electrons. In appendix B, we estimate the strength of these
electric fields. We find that the longitudinal field of an ultra-
relativistic electron bunch remains small compared to the
longitudinal electric field of the laser pulse, with the
corresponding criterion given by equation (20). However, the
impact of the quasi-static transverse electric field may not be
always ignorable. This field is directed towards the axis of the
channel, causing the ions to accelerate inwards. The inward
ion motion leads to charge compensation in the channel. This
reduces the transverse quasi-static electric field, while the
quasi-static magnetic field remains unaffected. The described
mechanism of electron collimation relies on a compensation
between the forces of the quasi-static electric and magnetic
field, but such a compensation is no longer possible after the
ions fill up the channel and reduce the transverse electric field.
We did check that the ion motion can be disregarded at the
wave amplitude considered in our manuscript (ag = 20).
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Appendix A. PIC simulation parameters

All simulations presented in this work are 2D. They were
carried out using a fully relativistic particle-in-cell code
EPOCH [34]. For all but one simulation, the simulation box is
a rectangle in the (x, y)-plane that is 130\ long
(0 < x < 130)\) and 24\ wide (— 12X < y < 12)). Here our
grid size is Ax = 1/50) along the x-axis and Ay = 1/20\
along the y-axis. In the simulation shown in figure 1, we used
a wider box that is 48\ to perform the comparison of laser
diffraction between the vacuum and the channel cases (the
resolution is the same).

The laser pulse enters the domain at x = 0. It is a
Gaussian beam in y with an axis at y = 0 and a focal plane at
x = 5 pm. The laser wavelength is A = 1 gum. In the vacuum
case, the peak intensity is Iy =54 x 10%° Wcem™2,
corresponding to ag =~ 20. The pulse has a trapezoid temporal
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profile with 8.33 fs up/down ramps (2.5 laser periods each) given by
and an 83.3 fs flattop (25 laser periods). We use open El~ —leln’s R ~ —|elnoR /7. (13)

boundary conditions for the fields [34].

The structured target is initialized as a fully ionized
uniform plasma slab (5 pm < x < 130 gm) with a hollow
core (|y| < 3.2 pum). The slab electron density is n, = 50n,
and it is initialized using 50 macro-particles per cell repre-
senting electrons. The ions are fully ionized carbon ions.
Initially, their density is equal to n; = n,/6 and it is initialized
using 25 macro-particles per cell representing ions. The ions
are treated as immobile in our simulations to clearly distin-
guish the effect of the electron dynamics. The simulation with
a uniform target uses a similar setup. In this case, the electron
density is n, = 0.5n,, there is no channel, and the ion density
is initialized using 10 macro-articles per cell.

It has been previously shown that the temporal resolution
is critical for obtaining the correct electron energies during
simulations of the DLA [35]. The criterion can be reformu-
lated as Ax < M\/ag for At ~ Ax/c. To ensure the validity
of our results, an extra simulation was performed with Ax =
1/100A and Ay = 1/50A. The resulting electron energy
spectra and electron angular divergence showed no significant
change compared to those discussed in the manuscript. In
order to aid the particle tracking process by reducing the
data set, we used the resolution with Ax = 1/50\ and
Ay = 1/20A.

Appendix B. Estimation of the longitudinal electric
field generated by injected electrons

In our qualitative analysis, we have assumed that the long-
itudinal electric field generated by the injected negative
charge is weak compared to the longitudinal field of the laser
pulse. In what follows, we estimate this field to provide a
criterion for when this assumption is valid.

Each electron bunch generates its own longitudinal
electric field and the fields from different bunches can also
add up to generate an even stronger longitudinal electric field.
This collective field has to be relatively small. If this is the
case, then, automatically, the field from an individual bunch is
also small. This is the reason why we first focus our analysis
on the collective field and then discuss the field of an indi-
vidual bunch (see the end of the section).

In order to assess the the longitudinal electric field gen-
erated by the injected electrons, we consider a simple model
where the injected electrons are approximated by a uniform
cylinder that is moving along the channel with a given
longitudinal relativistic velocity v. As shown in figure B1(b),
the electron density, n, = ng, and the length of the cylinder,
L = Ly, are given in the laboratory frame of reference S. It is
convenient to characterize the longitudinal motion using the
corresponding relativistic factor y = (1 — v2/c2?)~1/2,

The electric field is easily calculated in a co-moving
frame S’ where the electrons are immobile because in this
case the field is electrostatic. The collective field is the
strongest at the ends of the cylinder. Assuming that L’ >> R,
we immediately find that the longitudinal field is roughly
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We took into account that the electrons whose longitudinal
distance from the edge is much greater than R contribute very
little to to total field, so the field is effectively generated by
electrons in a volume of R’. The transverse field in the co-
moving frame is generated by the same limited volume of
electrons, so this field is roughly equal to £’ at the edge of the
cylinder:

E'| = E'| = —lelnoR/~. (14)

The fields in the laboratory frame of reference are
obtained via the Lorentz transformation, which yields

E| = E = —lelnoR/7, (15)

(16)

We find that the longitudinal field in the laboratory frame S is
reduced by a factor of v compared to the transverse electric
field. The estimate is based on the assumption that the elec-
trons are highly relativistic, such that L' = vLy > R or,
equivalently

E =~E'} ~ —|e|noR.

Y>> R/Lo. a7

This condition is satisfied in our simulations with a significant
margin, as evident from figure B1(a).

Our last step is to compare the longitudinal field gener-
ated by the electrons to the longitudinal field of the laser pulse
that can be estimated as

E[*" ~ Eg\/R, (18)

where we assume that the radius of the channel guiding the laser
pulse with a transverse electric field amplitude of E is roughly
the same as the radius of the electron bunch. According to
equations (15) and (16), the longitudinal field generated by the
injected electrons is EHinjeCted ~ E / ~, where E, is the trans-
verse field generated by the injected electrons. No electron
injected by the laser field is possible if E > E, because the
charge of the electrons that are already in the channel would
prevent new electrons from being injected. Therefore, the upper
estimate for the perpendicular field of the injected electrons is
E | =~ E,. We then use this relation to find that
injected
B R
EHlaser )"Y

19)

We thus conclude that the field of the injected electron has a
relatively minor impact on their longitudinal motion if

R/)\ < 7. (20)

In our simulations, this condition is satisfied with a good margin
as well. As evident from figure Bl(a), we have R/\ ~ 5,
whereas the typical value of the relativistic factor is y = 200.
There are two points that need to be clarified regarding
the provided estimate for the longitudinal electric field. Our
estimate neglects the positive charge that is generated in the
walls of the channel. Its presence is evident in figure B1(a),
where the red color shows the positive charge density. The



Plasma Phys. Control. Fusion 61 (2019) 035012

Z Gong et al

@ 600
> 300+

0 , &

4 - 30 o
2 15 ;
E 0 0 g
>_

=2 -19
4 . ——— . 2 F
0 20 40 60 80 100 2
X [A] “

3D case 2D case

@ Laboratory frame S

positively charged coating

—
) !
5 : 1
electrons moving with v=c [1-

Co-moving frame §

-~ -
A W4

L= L,

ne'= no/y

@ Laboratory frame S

positively charged coating

R
SR
. "
.
L=L, electrons moving with v= cﬁ

Co-moving frame &

Ne'= No/y

Figure B1. A cloud of injected electrons moving along the hollow-core of the target. (a) Snapshots from the PIC simulation taken at r = 266
fs. The upper panel is a scatter plot of the relativistic y-factor in the electron cloud, whereas the lower panel is the charge density, normalized
to |e|n., in the vicinity of the cloud. (b) and (c) Simple models for the electron cloud that are used to estimate transverse and longitudinal
electric fields. In 3D, the cloud is a uniform cylinder with positively charged coating. In 2D, the cloud is a uniform rectangle with positively

charged edges.

positive charge trails the injected electron bunch. This posi-
tive ‘coating’ generates a field that counteracts the field
generated by the injected electrons. This compensation
becomes significant inside the electron cloud. Therefore, our
estimate can be viewed as the ‘worst case scenario’. Our
estimate is performed for an electron cylinder, which means
that the estimate is performed in 3D. Our simulation is per-
formed in 2D, so the estimates need to be adjusted accord-
ingly. However, the main result given by equation (19)
remains unchanged. The field compensation provided by the
positive ‘coating’ becomes much more important in 2D
because of the divergent nature of the electrostatic potential at
large distances.

In our analysis, we have considered the entire population
of the injected electrons, but a similar analysis would apply
for each of the electron bunches. The length of each bunch is
roughly half the wavelength, Ly ~ 0.5 pum, so it satisfies the
condition given by equation (17). The important conclusion
that follows is that separate bunches effectively do not interact
in our case. The longitudinal field of a single bunch is reduced
by a factor of v so its own longitudinal field is relatively small
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and can be neglected, provided that the condition (20) is
satisfied. It should be noted that v may not be sufficiently high
right after the electron injection, so the longitudinal field of
the injected bunch may impact the electron dynamics at that
early stage of the acceleration.
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